Dietary phenolic compounds may act as antioxidants in vitro, but because of structural modifications during absorption, its role based on concentrations high enough to afford an antioxidant protection needs to be re-evaluated. We have explored the hypothesis that red wine procyanidins interact with low density lipoproteins (LDL) and that, at this location, the phenolic compounds efficiently protect LDL from oxidation and maintain LDL R-tocopherol at a high steady state concentration by recycling it back from the R-tocopheroxyl radical. To this end, human plasma was supplemented with wine procyanidins and isolated LDL were challenged with a constant flux of peroxyl radicals. As compared with LDL from plasma-free procyanidins, those LDL better resisted lipid oxidation and exhibited longer lag-phases of R-tocopherol consumption. The procyanidins, depending on their structure, were able to reduce the UV-induced R-tocopherol radical in a micellar system, as evidenced by electron paramagnetic ressonance. Mechanistically, the protection of LDL was interpreted in terms of quenching of peroxyl radicals and the recycling of R-tocopherol by the procyanidins bound to the lipoproteins. These results support the notion that, in human plasma, the procyanidins, via binding to LDL, may act as efficient local antioxidants.
INTRODUCTION
Evidences from epidemiology and biochemistry suggest potential health benefits of the consumption of phenolic compounds, including those from red wine, particularly in connection with diseases associated with oxidative events, most notably the oxidation of low density lipoproteins (LDL) in atherosclerosis (1, 2) . LDL oxidative modification in the vascular wall seems to be a key factor in the pathogenesis of atherosclerosis, which is one of the most prevalent cause of morbidity and mortality in Western countries (1, 3) .
Mechanistically, the health-promoting properties have been assigned to the well-known antioxidant activities of phenolic compounds, largely supported by their ability to scavenge free radicals and chelate redox-active metals, catalyzers of oxidative reactions (4) . This rationale, however, has faced difficulties because phenolic compounds are extensively metabolized during absorption and reach the plasma in very low concentrations (5) (6) (7) .
Alternative, pathways for the biological impact of phenolic compounds are being unraveled and include, among others, the interference with cell signaling pathways, with nitric oxide metabolism, and the modulation of enzyme activity (8) (9) (10) (11) (12) .
From the biochemical antioxidant viewpoint, however, new concepts have also emerged, including the activity of the phenolic compounds at lipid-water interfaces, encompassing redox cycles with R-tocopherol (R-TOH) in membranes and lipoproteins and also with ascorbate in the water phase (13) . Such a mechanism, exporting the radical character from the lipid to the water phase and maintaining the LDL R-TOH at high steady state concentration, has been shown to afford a high antioxidant protection to LDL (14) . Thus, considering its physicochemical properties, phenolic compounds may interact with membranes and lipoproteins peaking locally at high concentrations and exerting local antioxidant activity, as opposed to the low concentrations achieved when considering their isotropic dilution in blood plasma (for reviews see 15 and 16) . From the physiological viewpoint, these properties of phenolic compounds would be particularly useful in the intima space where LDL is supposed to be sequestered from the plasmatic antioxidants (17) .
Red wine contains a wide variety of phenolic substances, most of which are derived from the solid components of the grape berry, skin, and seeds and could be categorized as flavonoids and nonflavonoids. Among the flavonoids (e.g., flavonols, flavanols, and anthocyannins), procyanidins (flavan-3-ols) were identified as one of the most active phenolic groups in red wine (18, 10) . Procyanidins are oligomers or polymers of monomeric flavan-3-ol units ((+)-catechin and/or (-)-epicatechin) linked by an interflavan linkage established between the C4 carbon of the upper unit and the C6 or C8 carbon of the lower unit. Procyanidins and the remaining red wine phenolic compounds have been proposed to inhibit proatherogenic pathways, as they are known to increase resistance of LDL to peroxidation (19) (20) (21) (22) , to act as platelet aggregation modulator (23) (24) (25) and to promote nitric oxide-mediated vasorelaxation (26, 27) . Whereas the exact mechanisms by which red wine polyphenols exert significant effects at the low concentrations achieved in ViVo are not fully elucidated, it has been shown that red wine polyphenols interact with low density lipoproteins (LDL), protecting the particles from oxidation (28) . Thus, we have established a model consisting of human plasma incubated with wine procyanidins and the evaluation of the oxidizability of isolated LDL in terms of lipid oxidation and R-TOH recycling in order to mechanistically determine a local antioxidant activity for phenolic antioxidants at the LDL surface with potential physiological significance.
MATERIALS AND METHODS
Procyanidins Synthesis and Isolation. The procyanidins dimers B2, B5, B8, and B2-3′′-o-gallate and C1 trimer ( Figure 1) were extracted from grape seeds (Vitis Vinifera)with a hydroalcoholic solution (1:1, v/v) and purified by chromatographic techniques as described previously (29) . Briefly, the hydroalcoholic extract was fractionated on Toyopearl HW-40 (Tosohaas, Germany) column chromatography using methanol as eluent, and the individual procyanidins were purified by semipreparative HPLC (Merck-Hitachi L-7100) using two connected columns Ultrasphere C18 ODS (250 × 4.6 mm i.d.) according the experimental procedure described elsewhere (29) . Final purity was assessed by HPLC-DAD and mass spectrometry.
Before use, all of the compounds were kept under nitrogen atmosphere at -20°C. The solutions of procyanidins were freshly prepared prior to the assays.
Plasma Loading with Procyanidins and LDL Isolation. Human plasma from healthy human volunteers was incubated with the procyanidins (10 and 50 µM) at 37°C for 1 h, in a closed glass vessel protected from light and under a nitrogen stream. Control plasma, without the compounds, was treated in the same way. LDL was subsequently isolated by density gradient ultracentrifugation as previously described (30) . Briefly, plasma was ultracentrifugated in a Beckman L80 ultracentrifuge (Beckman Instruments, Inc., USA) equipped with a fixed angle rotor 70.1 Ti, at 65,000 rpm, at 15°C for 3 h and the LDL fraction collected with a Pasteur pipet by suction. To minimize LDL oxidation during the isolation process, all of the buffers used were saturated with nitrogen for at least 30 min. Protein concentration was measured by the method of Lowry et al. (31) with bovine serum albumin as standard.
cis-Parinaric Acid Fluorescence Assay. The fluorescence decay of cis-parinaric acid (PnA; Cayman Chemical, USA) incorporated into the LDL outer monolayer has been demonstrated to be a highly sensitive methodology to follow LDL oxidation in its initial steps (32) . PnA fluorescence was monitored at 37°C, in a Perkin-Elmer LS 50 spectrometer (PerkinElmer Life and Analytical Sciences, Inc., USA) provided with a thermostatted cuvette and with a magnetic stirring device. The excitation and the emission wavelengths were 324 and 413 nm, respectively (slit widths 3.5 nm). The incorporation of the probe was carried out by adding an aliquot of an ethanolic solution of 1.5 nmol of PnA to 2 mL of phosphate buffer (pH 7.4) containing LDL (30 µg ApoB) and allowed to proceed for about 5 min with gentle stirring. The oxidation reaction, performed under conditions of controlled radical flux, was initiated by the addition of AAPH solution (Polysciences, Inc., Germany), to achieve a final concentration of 5 mM, and the fluorescence of PnA recorded. The AAPH solution was freshly prepared in phosphate buffer before use.
Conjugated-Diene Measurements. Conjugated-diene hydroperoxide formation was determined spectrophotometrically in a Perkin-Elmer Lambda 6 UV/vis Spectrometer (PerkinElmer Life and Analytical Sciences, Inc., USA) by continuously monitoring the absorbance at 234 nm. LDL particles (30 µg of ApoB), isolated from plasma incubated with procyanidins, were added to 2 mL of phosphate buffer (pH 7.4) containing 5 mM AAPH in a thermostatted cuvette at 37°C with a magnetic stirring device under normal atmosphere and the absorbance monitored for 120 min.
Evaluation of r-Tocopherol Consumption. R-tocopherol consumption was evaluated in LDL particles isolated from plasma loaded with procyanidins and in LDL directly incubated with the same compounds. In this case, procyanidins (2 µM) were added directly to isolated LDL aliquots that had been previously enriched with 4 µM R-TOH for 1 h at 37°C, in a closed glass vessel protected from light and under nitrogen stream. Both LDL fractions (120 µg of ApoB) were exposed to 5 mM AAPH at 37°C, in a closed glass vessel protected from light. Aliquots were removed at 0, 10, and 30 min and oxidation immediately stopped by the addition of BHT (0.1 mg/mL). R-Tocopherol acetate (4 µM) was used as an internal standard. R-TOH concentration in LDL fractions was determined by HPLC as previously described (14) . Briefly, R-TOH was extracted from LDL with hexane, and the organic phase was removed and evaporated under a low pressure nitrogen stream. The resulting sample was reconstituted in 100 µL of HPLC mobile phase (95:5 ethanol/isopropanol) and directly injected into the HPLC system (Beckman System Gold, Beckman Instruments, Inc., USA). The separation was performed using a Lichrosphere 100 RP-18 125 × 4 mm, 5 µm particle size reverse phase column, preceded by a Lichrosphere Si 60 4 × 4 5 mm guard column. The detection of R-TOH was carried out at 293 nm.
Quantification of r-Tocopheroxyl Radical in Micellar Solutions. A micellar solution of sodium dodecyl sulfate (SDS) was prepared in 50 mM phosphate buffer at pH 7.4. Micellar dispersions of R-TOH were prepared by diluting an appropriate volume of an ethanolic solution of R-TOH into SDS micelles to reach a final concentration of 2 mM. The R-TOH-containing micelles were exposed to a UV light source for 3 min in order to generate R-tocopheroxyl radicals (R-TO • ). Immediately after switching off UV irradiation, procyanidins were added to the micelles at concentrations of 0, 5, 10, 25, 50, and 100 µM. Samples were rapidly transferred to bottom-sealed Pasteur pipettes, immediately inserted into the EPR cavity of a Brucker EMX EPR spectrometer, and spectra recorded using the following instrument settings: microwave frequency, 9.8 GHz; microwave power, 20 mW; modulation frequency, 100 kHz; modulation amplitude, 2 G; time constant, 0.65 s. The time interval between switching off UV irradiation and recording of electron paramagnetic resonance spectra was consistently 2 min. Signal areas were converted in R-TO
• concentrations using a calibration curve constructed with TEMPO (2,2,4,4-tetramethylpiperidine-1oxyl) as standard.
Statistical Analysis. All data are expressed as the mean ( SEM. Statistical analysis was performed by one way analysis of variance followed by Dunnett's test using the statistical software GraphPad Prism (Version 4.00). A value of p lower than 0.05 was considered statistically significant.
RESULTS

Oxidation of LDL Isolated from Plasma Incubated with
Procyanidins: PnA Fluorescence Decay. The polyunsaturated fatty acid PnA, incorporated into LDL particles, has been successfully used as a fluorescent probe to monitor the initial stages of radical-induced LDL oxidation as well as to evaluate its inhibition by several antioxidants (32, 22) . LDL fractions isolated from plasma aliquots incubated with the procyanidins, except in the case of B5 dimer, exhibited lower rates of PnA oxidation as compared with the control plasma not supplemented with procyanidins (Figure 2) . Table 1 reports the quantification of PnA oxidation in terms of inhibition periods (t lag) and of oxidation rate. The LDL isolated from plasma containing B2-3′′-o-gallate was the most resistant to oxidation, as inferred from the longest period of inhibition of PnA fluorescence decay and, afterward, the lowest rate of probe oxidation. At a concentration of 10 µM in plasma, B2-3′′-o-gallate evoked an increase in the inhibition period of PnA oxidation around 42% and a decrease in its oxidation rate around 10%, in the respective LDL fraction. PnA is highly sensitive to oxidation, and the apparent small differences observed for the several fractions are significant observations, suggesting that procyanidins are attached to LDL, protecting the particles from AAPH-derived peroxyl radicals and thus reflecting distinct abilities to resist to oxidation.
Moreover, in the case of the dimer B8, but not for the other compounds, a positive correlation between concentration (up to 50 µM in plasma) and the protection of PnA oxidation at the LDL surface (data not shown) was found.
Oxidation of LDL Isolated from Plasma Incubated with Procyanidins: Conjugated Dienes Formation. The oxidation of LDL induced by AAPH was also followed by continuously monitoring the formation of relatively stable products of lipid peroxidation, the conjugated dienes hydroperoxides. Figure 3 shows representative time courses of conjugated diene formation in LDL control (nLDL) and in LDL isolated from plasma incubated with 10 µM procyanidins (iLDL). In agreement with the PnA results, a reduction in the rate of hydroperoxide formation was observed in LDL isolated from plasma-containing procyanidins as compared with LDL isolated from the same plasma sample but devoid of procyanidins. The C1 trimer, B2-3′′-o-gallate and B2 dimer were the most efficient compounds in protecting LDL from oxidation when plasma was incubated with 10 µM ( Table 2) . For the C1 trimer and B8 dimer, concentration-dependent effects were observed (data not shown).
Oxidation of r-Tocopherol in LDL Fractions. In order to bring insights into the mechanism by which LDL isolated from plasma-containing procyanidins better resisted oxidation than LDL isolated from the same plasma but devoid of such compounds (control plasma), the oxidative degradation of R-TOH in the LDL fractions challenged with a constant flux of peroxyl radicals was followed. Figure 4A shows the effect of the procyanidins directly added to LDL on R-TOH consumption. Under these conditions, procyanidins (2 µM) effectively protect R-TOH degradation as inferred from the rates of R-TOH degradation, which are delayed by the phenolic compounds according to the following sequence B2 dimer > B2-3′′-o-gallate > C1 trimer > B8 dimer > B5 dimer. Consistent with this observation, the free radical-induced oxidative degradation of R-TOH contained in LDL isolated from plasma preincubated with the phenolic compounds also occurred at rates lower than those in LDL from the plasma control ( Figure 4B) . Nevertheless, the efficacy observed does not match that found in Figure  4A ; LDL isolated from plasma loaded with the B8 dimer were those particles in which R-TOH was more resistant to depletion, followed by the LDL isolated from plasma loaded with B2-3′′-o-gallate and B2 dimer. Assuming the interaction of the phenolic compounds with the LDL particles, this observation may be explained on the basis of a different partition of the compounds among plasma components.
Reduction of r-Tocopheroxyl Radical by the Procyanidins. In 1995, Laranjinha et al. have suggested that polyphenols exhibiting a catechol moiety, similar to vitamin C, are endowed with the reduction capacity to recycle R-TOH from its oneelectron oxidation product, the R-TO
• , at LDL and membrane surfaces (14) . This has been subsequently verified for distinct compounds, and evidence for such occurrence in ViVo has been recently forwarded (33) . Considering that such an R-TOH recycling mechanism, encompassing the transfer of the radical character from lipid compartments to the water phase, affords a high protection of the lipid systems (LDL, membranes) against oxidation (13), we therefore studied the ability of procyanidins to regenerate R-TOH by reducing R-TO
• . The R-TO • was produced by UV irradiation of R-TOH incorporated into SDS micelles and measured by EPR. The procyanidins and the standard reductants (ascorbate and caffeic acid) were added to the micelles immediately after switching off UV light. Figure  5 shows quantitatively the decay of R-TO
• as a function of phenolic concentration, and clearly, all the procyanidins exhibited a concentration-dependent capacity to accelerate the decay of EPR signal intensity, indicating a decrease in the R-TO
• concentration via its reduction to R-TOH. B2-3′′-o-gallate was the most efficient compound in suppressing R-TO
• , exhibiting a potency closer to that of ascorbate, that is, at 5 µM, it almost completely abolishes the EPR signal. C1 trimer as well as dimers B2 and B8 also showed a significant ability to remove R-TO 
DISCUSSION
The oxidation of LDL in the intima space of the arterial wall is considered a crucial molecular event in the development of fatty streaks, leading to atherosclerotic lesions (1, 17) . At such a location, LDL is thought to be out of the protection of plasmatic antioxidants, most notably of ascorbate, a compound capable of maintaining LDL R-TOH at high steady state concentration under oxidation conditions (17) . The notion that phenolic compounds tested as antioxidants in Vitro may exert antioxidant effects in plasma faces difficulties based on their limited bioavailability. In fact, although these dietary compounds have been assigned antioxidant activities, largely based on in Vitro assays, it is clear that they are extensively biotransformed during absorption and reach the plasma predominantly as glucuronide and sulfate conjugates (7) . The unchanged molecules peak at very low concentrations when considering their isotropic dilution in the water phase of blood (5, 34) . However, because of its physicochemical properties, encompassing an amphyphilic character and the potential to form hydrogen bonds The inhibition period of PnA oxidation (t lag) and the rate of PnA oxidation (the slope given in fluorescence units per second) are shown. The values represent the mean ( SEM of three independent experiments. *, significantly different from control at P < 0.05 via the several -OH groups, they have been shown to interact with membranes and LDL (15, 16) . In fact, following the consumption of phenolic rich food/beverages, a small percentage of unchanged phenolic compounds have been detected in human plasma and, notably, in association with lipoprotein fractions (35) . For instance, Aviram et al. (2) have shown that the consumption of red wine, but not of white wine, by healthy volunteers, resulted in the enrichment of their plasma LDL with flavonoids such as quercetin. Thus, it is likely that at membrane surfaces the phenolic compounds may reach a high local concentration and be enrolled in redox reactions with R-TOH, a mechanism that was shown to be highly efficient in the protection of the lipoprotein particles from oxidation (13) . Therefore, the presence of polyphenols at the LDL surface, providing protection against oxidation, would be particular critical in the intima space.
Compatible and in support of this notion, in this work it is demonstrated that LDL isolated from plasma incubated with red wine procyanidins exhibited a significantly higher resistance to oxidation as compared with LDL isolated from the same plasma but devoid of the procyanidins. Technical difficulties prevented us from obtaining clear-cut data for the LDL content in procyanidins. Oxidation was sensitively followed by means of a fluorescent probe incorporated in the LDL outer monolayer (Figure 2) as well as by the formation of conjugated-diene hydroperoxide (Figure 3) . The results in part corroborate those obtained before, when the same compounds were directly added to LDL immediately before oxidation (22) . The relationship between the flavanol structure of procyanidins and the antioxidant activity against LDL oxidation was then established, in particular that (i) the antioxidant efficiency increases with the degree of polymerization of the compounds, which, for later stages of oxidation, may be related with the number of hydroxyl groups, (ii) the antioxidant efficiency increases by esterification of C3 hydroxyl group with gallic acid, and (iii) the interflavan linkage constitutes an important structural characteristic in the antioxidant efficiency of the compounds (since it affects the molecular conformation and hydrophobicity). Moreover, dimers with the interflavan bond C4-C8 have an increased antioxidant activity in comparison with dimers with the interflavan bond C4-C6, which could be related with the more closed conformation adopted by C4-C8 dimers and consequently with the increased hydrophobic character of these molecules (22) . In agreement, in this work, the B2 dimer (C4-C8 bond) consistently afforded a significantly higher antioxidant protection in comparison with the B5 and B8 dimers (C4-C8 bond). Additionally, esterification of the C3 hydroxyl group with gallic acid also showed an increase in antioxidant activity, but only in the initial stages of LDL oxidation. B2-3′′-o-gallate showed higher antioxidant activity than the B2 dimer in the PnA assay; however, a significant difference between both compounds in conjugated-diene formation was not observed.
When considering the mechanism of LDL resistance to oxidation, it is likely that although the quenching of AAPHderived peroxyl radicals reaching LDL particles from the water phase by LDL-bound polyphenols may occur, the protection may be, at least in part, assigned to the recycling of R-TOH at the LDL surface. This conclusion is supported by two interrelated features, namely, (a) the lower rates of R-TOH oxidation in LDL obtained from plasma-containing procyanidins when challenged with a constant flux of peroxyl radicals, as compared with LDL isolated from control plasma ( Figure 4A ) and (b) the ability of the procyanidins to reduce R-TO
• as shown by EPR in model micelar systems ( Figure 5 ). Procyanidins (2 µM) directly added to R-TOH-enriched LDL reduced R-TOH consumption, 30 min after oxidation induction, between 7 and 47%, with the B2 dimer, and B2-3′′-o-gallate and C1 trimer being the most efficient compounds. When added to plasma before LDL isolation (50 µM), procyanidins were able to reduce R-TOH consumption, 30 min after oxidation induction (until 28%) with the B8 dimer being the most the efficient compound, followed by B2-3′′-o-gallate and the B2 dimer. Actually, the presence of antioxidant compounds capable of regenerating R-TOH is essential to prevent the described pro-oxidant activity of R-TOH via the so-called R-TOH-mediated peroxidation, resulting in the oxidation of polyunsaturated lipids in LDL particles (36) . This implies that R-TOH acts as an effective antioxidant only in coexistence with ascorbate or with other compounds able to eliminate R-TO
• produced in the peroxidation process and to regenerate R-TOH, transferring the radical character to the water phase. Such a property to reduce R-TO • was already described for related compounds, namely, caffeic acid and some green tea polyphenols (14, 37) . The prevention of R-TOH oxidation in LDL by red wine phenolics has also been demonstrated to preserve endothelium function via the inhibition of lipid oxidation (38) . Finally, the analysis of the results requires the consideration of the concentration of the phenols added to plasma. It may be realized that the high concentration of the phenols added to the plasma, as compared with in ViVo concentrations, were necessary to demonstrate in Vitro the proof of principle for the potential protective effects at the LDL level under chronic low level oxidation events.
In conclusion, the present study shows that LDL isolated from plasma-containing red wine procyanidins is endowed with an increased resistance to oxidation in terms of lipid peroxidation that may be, at least in part, ascribed to the R-TOH-recycling ability of the phenolic compounds associated with the lipoprotein particles. Of note, this effect is influenced by the structural features of procyanidins. Therefore, the notion based on the location of phenolic compounds, bound to LDL and the local antioxidant effects, exporting the radical character from the lipoprotein-lipid phase to the water phase, may help reconcile apparently colliding observations relating the health benefits of dietary phenolic antioxidants and the low concentrations achieved in plasma for the unchanged molecules, when considering their isotropic dilution in human plasma.
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